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fat Xzohinge during roe *vemat around a Horiontal
Cylinder in Matefied Ai

Ajotebiov

In this report are given the results obtained during exporimntal investieting

heat exchange during free movement of air in rarefied -pae. "riterial. relations

are given for the calculation of heat ezhange in a broad range of P Pr values,

and in the pesence of a substantial temperature Jump as well*

At present time reliable generalized dependences for heat exchange at free move-

menrt have been obtained for turbulent conditions and for such conditions of lamd-

nary movement, when the thickness of the bounday laer is maill in ocmparisc to

the dimensions of the body.

The theory of similarity allows to establish, that the determinant criterion for

heat exchange under conditions of laminary free movement, in the case of negligibly

low effect of inertia forces are the derivatives of the kasho and Prandtl Or Pr

criteria. According to numerous experimental data q at small Or Pr values (of the

order of 1 and less) the formation of the brdrodynamio and thermal boundary layer

is greatly inAfluenced by the dimnsions and form of the body* This characteristic

can take place at small dimensions of the body or at low pressures. 7he lack of

generally accepted mathematical dependencies calls for special investigation of heat

emhangs with consideration of the factors mentioned* In this experiment is 13.

vestigated heat exchange of a horizontal cylinder in rarefied air* Special attention

is being devoted to the effect ow heat exchange of the tepeoratu e juse at the
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at the surface of the momle,
Heat exhage of a horizontal cylinder was investiteed by WA.Nlfkheyev' .,

zMeAbaaJl2j. SonftleboaW. In the experim.enta by Jkdden and Pirot , oNoddon

and ProeI We Presented data of ezperinmnts in rarefied "ss

The broadest scope is taken up by orlterial dependencies I% a f (Or Pr) obtain.

ed in experimsntsC3j anii{5j. In fig 1 are given curves corresponding to the Seaft-

lebeNnf= 2 1,0.033 +/'1 )r 3 .I n s

(Or P)T Ih, s

s + -+ 4,5 /.J* 10-5 < (r Pr <10'
(Gr Pr) +

and I"ekdden Piret equations

2 7,09Nu (Gr Pr) o7' I0- < Gr Pr < 101,5 (2)
2 5,01 I,4

exp 2 - I 5-- 0'' < Gr Pr < 10. (3)
Nu (Gr Pr)S..

gNu I.

0 00 3

02---- --------.
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02

-,5 3 1 rGr Pr

Fm..l.ueat exheao m of a horlZmal etrlnde in Unlimited smo.
l.Senftleben dependence 2Wvytgbddea Pivot dependence 3-4eneralizatim of
pweseat repor e
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Iquatioas (2) and (3) are valid in the absence on the surface of a temprature

Jump and slide of effects - caused by deep varefaetione

A co--ison of dependences on figale does not reveal the effect of rarefaction

on the laws of hear exchange during free movemmat in a wide rane of Ce Pr mmbers

if the near-wa.i rarefaction effects are not substantial*

The authors Jan4] onuxted experimonts with thin wiles with diameter of 0.07,

0*018 and 0.251 me. The tested species were placed in a hollow under a glass cover

with 4iamster of 457 and height of 660 me The pressure was changed within limits

of OO5 = Hg to oe atme The dependencies obtained by theme authors can be acep.-

ted in the ease when there is no shell effect on the boundary layer. This problem

was baseless in the reports byrvl andj"Since at low pressure the boundary layer

dimenslons can be very neat, and the process of heat exchange in a rarefied gas

under real conditions, is on a liudted scale , the effect of the walls is a possib-

ility. Under definite conditionao as will be shown below, it my become quite sub-

stantialo

To study the above mentioned characteristics and establish the boundaries

and nature of the influences of the rarefaotion effects 9 particularly the effect

of the temperature jump, heat exchange was investigated of hcrizontal cylinders

with diamsters of 1.31 = (made of stainless steel) and 9,9 ma (rode of copper) in

a pree-'e range from 0*005 to 130 am Hg and temperatures of from 50 to 150e,

The ar- )a were placed in the center of a steel cylinder-shell with diesoter at

520 er ieight of 600 a parallel to bottom and lid.

The temperature of the cylinders was measured with the aid of Nich)one-oomtan-

$an thermocouples and semiautomatic potentiometer type r2/1, To measure pressures

in the rangp of 0.001-5 = US w used the Ih-ZAod utirangs presmose a, in
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the 5-130 m g. H range with a shortened U-shaped mercury pressure gag*e

When processing the experimental results in oriterial farm the determinant di.

mension was the diameter of the cylinder; the physical parameters of the air were

established by the average teqperature of the cylinder and ahel lo

The intensity of heating the sample was found with the aid of auneters of the

0.2 class and 12/1 potentiometer. Beat losses due to emission and heat conduction

according to the thermocouple Area were estimated at thorough evacuation of the

system - to pressures of the order of 2.10-5 m Hg.

On fig.2 are given the experimental dependencies Nkwf (Cr Pr) for the invest-

igated range of pressures. The nature of the dependencies has certain qualities,

described in report WJ where a partial investigation was zade of the problem concer-

ning the effect of rarefaction on heat transfer in space between coaxial cylinders.

Tu the dravig are shown seotiens, where the value lk does practically not de-

pend upon the derivative rN (for sa ples with diameter of 9.9 nm at Or Pe .10"15

- 10-4. with diameter of 1.31 am at Or RE n 10"5 - 10"6), This indicates a reduct -

ion in the effect of free movement on the heat exehange because of contraction of

the boundary layeroeaused by the reverse currents near the walls of the shelle

In figo2 are also given data of experiments made by 1 , The absence among

them of the heat exchange condition, close to pure heat condution , is explained

by the fact, that for thin wires the dimensions of the boundary layer were mall

in comparison to the dimensions of a bell and there was no wall effect.

Following the condition of almost pure heat conduction the sharp drop in heat

exchange is caused by the rise in temperature Jump at the wall of the specimen,

The temperature xum4 ec ee mabstantial at such pressures, when the average length

of molecular free rum become cmpatible with the dimensions of the badto This

phenomenon was investigated by?)[8 3 and others.
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At geater rarefactioca the effect of the
I g Nu ..

tenperature JuM leads to a sharp scatter'-

69. . ing of dependence points 1b a f (Or Pr).

i4 - Consequently , to represent the erporimintal

J.j data by a general criterial equation one do-
-O - -6 -4- 10 c p r toUinant (k' criterion is insuffiient.

By examining fig 2 it becomes cler, that

the data of the American investigatioal4

Tig,2o2xperinental data on heat transfer and presented here are well superimposed
of horizontal cylinders in rarefied
air on one curve, where there is no wall effect

192-hdden PMet at d a 0.07, 0.251 m
t a 651 394"5 - the authorst at t a 150and where the temperature Jump has not yet
100C,50 0, a a 1.31 m. 6,7 -the authoil
at t=150. 1000C "o9wa8 8-W dependence taken effect. The dependence for that curve(7).

Is nonlinear in log rithadc coordinatee It

Gan be expressed In fam of

Mk n C ( GP,)2 (4)

4ere and henceforth Nk desipates the Nusselt criterion for heat exchange at

ioe movement in unlimited space; 0 and n -variablesosynotously determinable by

the 02r derivekive.

fhe dependenee for n according to experimental results in *the range 10"7 < Orpe

4 103 is obtained rectilineer and is expressed by forntla

n u0.14 0,015 is r (5)

In this very rang;e C a 0.98 - 0.01 (. OrE) 2  
(6)

In this way equation (4) for heat exchange at laminary free movemmt around

a heisontal cylinder in unlimited space acquires the farm of

,k £[0.96 - 0.O1 (g .pr)23 (&'V) 0014+0.05 g (7)

PTDmTTm42u35/1425



The derived foamula is in ex ellent confcrmity with the dependenoles, presented

In fig.l. It can be perfectly well used in the range of W0"7 4. GrPrZlO8 .

The lower Intensity limit of heat exchange at free movement is the transfer of

heat by heat conduction. Analysis of results of experiments br7JtJ51 and experi-

ments carried out here allow to state, that for the horizontal cylinder in unlimit-

ed space or in the absence of shell wall effect such a limit does not oms into being

e ven at very mall (Pr numberso

In limited space at very smell CrPt values heat exchange vwll be determined by

pare heat conductiEe In the simpler case, eoegfor two coaxial cylinders of infinite

length, the Ma criteriem for heat conduction will be

N u n d2 /d, (8)

Am is evident , the maximim value cf the N number depends upon the ratio of the

diameters and has no constant value@ This is true also for vertical cylinders. The -

rWfore the remarks of certain authorsL9] about the existence of a lit In J m -

ber at heat exchange under condition of free movement for a cylinder can be consi-

dered as void of any foundations .

When oaloulatinB heat exchange by formula (7) are possible errors, the sources

of which are$

a)therml losses along the axis of the specimen as result of its finite length;

b)effect of hel walls on boundary layer;

c)effect of temperature jump at surface of sample;

We shall establish the lits of applicability of this fornala.

If the cylindrical sampl is in limited apace, the the heat exchange conditioms

for it are samowhat close to the heat exchange conditions for a spheore For two

concentric spheres with diameters d1 and d2 the Mar nunberodeterminable by the dia -

Fw-TTP62-35/l'2 6



mete of the inner sphere d1 , will be found from foruala
2.MIT 1 - , ]/d2 (9)

within the limit, when d1 / 2--, 0 '1kT - 2e

If the radius of the sphere r2 is equal to the distance from the axis of the

cylindrical sample to the shell, and the diameter of sphere d1 equals the diameter

of the samples then the value NUT for the cylinder of finite dimensions lies between

the results, obtained by formulae (8) and (9). This value appears to be the maximm

limit of existence of a free movement around a cylinder in limited spacee

DiT can be determined ezactlyby solving the problem of heat conduction in bo-

dies of complex fom. 'UT is found approximately by forula (8) for species with

-0.01 ( I - length of specimen)

If N1UT is knovn, then the aximum value GrPT at which formula (7) Is still

applicable, can be found either by fige2 or directly from formula (7)e

The change over into a condition of almost pure heat conduction is quite ab-

rupt, it does not depend, by the way, upon the temperature of the specimen. This

adds a certain definiteness into using the maximum G Pr value. At Gr Ir4 (Or IPr)T

values the calculation mst be conducted by heat conduction formulaso The use of

(7) for these conditions may lead to Sreater errors,

According to carried out experiments (fig.2) the effect of shell walls can be
considered if O P- 10105 at d/d 2  .8.1 nd hen r 10"5 at

dl/d2,L2-10n3 . As d2 was accepted a doubled average distance from the axis of the

specimn to' the shell.

The effect of the temperature jump ,as established by expeziments, may reflect

itself in the condition of pure heat conduction as well as in the condition of un-

distorted by walls free motion, The determinant criterion for consideration of the

temperature Jump is the Daudsen number K a I /d, where P• - average length of free

YTl-TT,62-3.5/1+2 7



run of molecules * and d-diameter of the cylinder*

On figs3 in logarithmic coordinates are

given the dependences Nu = f (K) in accord-

" I i ance with experimental results obtained
.. - by the author and other researchersj

/ .0 0 The beginnibg of the near-owea rarefac-

I tion effect is determined by curve inflec-
0 -1

1• -. tion points, which for a cylinder with a

/ 9.9 mm diameter corresponds to a condition
0 -, -2. tg*A

of almost pure heat conduction (lg Pr

P -3, figs2), for cylinders of small di-

mansions (Madden Piret experiments) - to

FiA.3Demendenb la If upon 1 Ko a condition of free movement (lg W Pr

and & 2-according to experiments by the
author at d * 999 = and 1.31 mnt a 100 " 7)9 In all instances the indicated of-

01 a & 4 according to 3bdden PJret ex fact begins at ox- 23, ieat KO2,
periamnts at d a 0.251 mm and 0o07 =4
t a 6500. For conditions of heat transfer by heat

conduction at pressures, when the temperature jump at the wall reduced heat exchange

(K \ 002), lnstead of formula (8) for coaxial cylinders it is easy to obtain
N, -2 (11)

In +~ +2 ( +1

Nu p will designate the Nusselt criterion for heat exchange in the presence of a sub-

stantial temperature jump*

In deriving formula (11) was used an expression for the temperature Jum at the

Footnete to page 7,.o*• The magnitude I for air was detern!eq byformula obtained
from the dependence in the book by Dhbimnn7i, I I 1563 Tf . . (10)
where , dynamic strengthq , kgoe/t; p -p es.ure in ma 3j6' .. vrage temper
atUre 4'f air. %

YTu-T7,62-3.5/.'2 8



surface of a cylinder in form of

AT $ d!/ar (12)

flere. according to Xensard 7l

2--a 2 9k-5 (13)
a k+1 4

where a- coefficient of thermal accomodation- valueg, characterizing the completeness

of molecular energ exchange on the surface; k a ep/ev . The acoomodation coefFicients

on the surface of the cylinder and shell for the sake of simplicity were accepted

as Identical*

Having noticed that l/d, a Ke and the magnitude dl/d2  1 at smell d082 oan be

considered approximately equal to 1, we can write

Nup d 2 (14)
In- +2 PK

Taking into consideration (8) we obtain

Nut (15)
-- 3 K

Nu,

To calculate the transfer of heat by heat conduction from a cylinder of finite

dimensions in rarefied air the value )aT is determined for limited spaceas was

shown before,

Kavanau[O) obtained a formula in the form of (1.5). describing heat exchange

of a sphere in a subsonic flow of rarefied air, In making a conclusion he assumed

that the heattrannitted from a surface at a temperature t. to a gas at a temperatu-

re tl, for the case of a temperature jurp equalling the heat, which would be

transmitted at a temperature differesee of the surface and ga (t -At)-t 1 and

absence of temperature Jump*

According to Kavansu, beta can be found from experient, Determined by experiusA-

PTD-TTN62-135/12 9



tatieno beta takes under consideartion the errors from simplifying assumptions during

the derivation of formULa (14)o These errors can be Insigflficant.

i- forLa'l (5)
I 1 I I -P K. (16)

Nu. Nu,

Dependence (16) skown in fig 4 in accordance vith experimental results with

copper cylinder (d 1 =9%9 m) and with cylinder made of stainless steel (dial.31 m)o

The value '3k was accepted for both instances according to the curve on fig.2.

Np Nu, _. U. .

122

20 _ -- a-

0' 0 4
0 O2 04 05 08 0 2 A'

Fig.4,Dependenoos t -N T  f (K)

I- for copper cylinder; 2- for stainless steel cylinder

The obtained dependenoes (functions) are rectilinear; to them correspond values

- 3.5 for the copper cylinder and 3e28 for the stainless steel cylinder. The m-

perimental data were processed by the method of the least squares* If the errors ia

determining beta ere disregarded, then for the coefficient of aceomodation a are ob-

tained values of 0.65 and 0.67 respectively.

At very high rarefactions, when the length of the free run will be equal or

greater than the dimensions of the shell, the concept about the temperature jump and

about the trans ission of heat by heat conduction, loses its maningo Heat transfer

Fw.s-6243/w 10



in realized by free nolecule having no interm diate collisima.e In formula (1,5)

in this case can be disregarded the first mmber in the denominateo, thus arriving

at a dependence for free molecular heat eoxhangse This phenam on has been well in

vestigatedo The mthematical formulas are applied in courses of moleular-kinetie

theory of gaese.

To calculate heat exchange at a developed laminary free movement with consider

atioa of the temperature jump it is advisable to use formula

Nu N (17)
Nuk + PK

Where Nuk - Nuselt criterion, found for free movement from expression (7). The eNO

feet of the temperature jump is considered as the second member in the denominator.

Formula (17) In valid for a body of any given form with conatant temperature

over the surface, It in obtained easily when investigating heat exchange on the sur -

face In conditionf rarefaetion, when it is necessary to take into consideration

the temperature jumpq When K]4 0e02 formula (17)ie brought down to (7)e provided thae

valiue K is disregarded,

Sumary In maliash lanmans
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